ABSTRACT Human victims of a massive number of stings have been steadily increasing since the invasion of Africanized honey bees (Apis mellifera) to the United States in 1990. Multiple honey bee stings may result in venom toxicity, leading to renal failure and even death. Here we tested the efÞcacy of methyl anthranilate as a honey bee repellent during a massive defensive response by Africanized honey bees. An aerosolized solution of 10% methyl anthranilate reduced the number of defensive bee hits to a retreating victim by 95% compared with a water control. One hundred Þfty milliliters of the 10% methyl anthranilate solution sprayed onto stationary foam balls covered with black suede leather located 2 m from provoked Africanized colonies received 80% fewer stings than targets treated with water. Methyl anthranilate (100%) delivered through a UV blocking 3 mil polyethylene pouch was 100% effective in preventing Polistes colonization in wildlife observation huts and from the roof overhang of home patios. Although methyl anthranilate was not 100% effective in preventing honey bee stinging, it seemed to reduce number of stings below the average human LD 50 , indicative of a promising tool for preventing honey bee venom toxicity and wasp colonization.
A key determinant of the pest status of Hymenopterans is based on the medical threat and outcome of their stings (Robinson 2005) . The honey bee is particularly dangerous to people where the highly defensive Africanized strain is distributed. Social wasps of the family Vespidae are also commonly known to most people because of their propensity to nest around built structures and sting intruders Vinson 1979, Reed and Landolt 1991) . For most people, social insect defensive responses are a primary point of contact with the insect world. Fear of stings pervades the awareness of both lay and scientiÞc public, driving public policy concerning management and control that is primarily centered on extermination (Lacy 2004) . Here the efÞcacy of a nontoxic insect repellent, methyl anthranilate (MeA), was tested to reduce honey bee defensive behaviors and as a deterrent of Polistes species wasp colonization.
The Africanized honey bee is a genetic admixture of the South African honey bee subspecies Apis mellifera scutellata and mixed European honey bee subspecies (Apis mellifera L.) (Morse et al. 1973; Ruttner 1988; Sheppard 1993, 1996; Schiff et al. 1994; McMichael and Hall 1996) . The Africanized bee is a highly defensive honey bee (Guzmán-Novoa and Page 1994a, Hunt et al. 1998 ) capable of causing a life threatening hazard to anyone disturbing a colony, having deleterious effects on agriculture and tourism where ever it has become established. For example, at least 70 deaths were attributed to Africanized bees in Venezuela from 1978 to 1981 (Tayler 1986 ) and at least 1,000 deaths in Mexico since 1985 (Guzmán-Novoa and Page 1994b) . In the United States, a total of at least 18 deaths have been related to a massive number of stings (McKenna and Hess 2003) . However, this statistic is likely far below the actual number because there is no requirement to conÞrm and accurately record number of deaths and victims of honey bee venom toxicity as a consequence of a massive number of stings. In Texas, the Þrst state in the United States to report Africanized honey bee invasion (Rubink et al. 1996) , there have been at least 212 conÞrmed stinging incidences reported from 1991 to 1993 alone, and the number of human deaths attributed to honey bees has been increasing over the past 16 yr (Texas Apiary Inspection Service; Fig. 1 ). The Þrst reports of massive stinging events in the United States occurred with the invasion the Africanized bee and have since increased (Vetter et al. 1999 , Betten et al. 2006 . Stinging incidences have become common events in states where Africanized honey bees are found. Using the Associated Press search engine LexisNexis, the number of press reports on deaths and massive stinging events in the southern United States in the past decade are summarized in Fig. 2 . This is by no means a complete account because, as stinging incidences became more common, they were less likely to be reported by the news media. Overall, it is clear that highly defen-sive honey bees have become increasingly more hazardous to people over time.
Before the arrival of the Africanized honey bee, most honey bee stinging deaths in the United States were caused by anaphylactic shock. Anaphylactic shock is an extreme type of allergic reaction to honey bee venom that may occur with only one sting and leads to death if not treated quickly (Vetter et al. 1999) . However, Ͻ1% of people develop anaphylactic shock in response to honey bee venom (Meier and White 1995) . Most people experience local reactions to a honey bee sting. Local reactions include pain and swelling around the area that is stung and are not considered allergic responses (Meier and White 1995) . A delayed reaction appearing 5Ð14 d after multiple stings may be experienced by some and consists of serum sickness-like signs such as fever, malaise, headache, local sting site reaction, swollen lymph glands, and inßamed joints (Lazoglu et al. 1995) . This reaction is believed to be an immune complexÐmedi-ated response and is often not connected with the stings because of the delayed response (Meier and White 1995) . A massive number of stings may cause a condition called venom toxicity where a person is injected with a lethal amount of venom. All people are susceptible to venom toxicity and death as a consequence of multiple stings (Meier and White 1995) . Venom toxicity is a serious toxic reaction that includes vomiting, diarrhea, shock, rhabdomyolysis (destruction of skeletal muscles), myoglobinuria (excretion of the muscle protein myoglobin in urine indicating muscle damage), and hemoglobinuria (hemoglobin excreted in urine) (Meier and White 1995, Stone and Humphries 2006) . Renal failure occurs as a consequence of the large amount of damaged tissue excreted into the blood overwhelming the kidneys (Bresolin et al. 2002) . Renal failure may be delayed for 12 h or more after a massive stinging event, sometimes after patients are discharged from emergency rooms (Vetter et al. 1999) . Immediate and delayed toxic reactions may occur with envenomation by 50 or more stings (Stone and Humphries 2006) . Patients with numerous stings should be monitored for 24 h for evidence of renal failure or poor blood clotting, which is a symptom of renal failure (Fauci et al. 2008) . Treatment is expensive and recovery is lengthy for those that survive a massive number of stings where renal failure occurs (Diaz-Sanches et al. 1998 , Hommel and Hulin 1998 , Gabriel et al. 2004 .
Honey bee sting LD 50 for humans is extrapolated from mouse data and is deÞned as 18 Ð22 stings per kilogram of body weight (Habermehl 1982) . Approximately 1,200 honey bee stings is the LD 50 for an average person weighing 68 kg (Ϸ150 lbs). More sensitive individuals may experience venom toxicity from Ͻ100 stings, whereas resistant individuals may tolerate more than the LD 50 . Twelve hundred may seem like a large number of stings; however, a small honey bee colony (3,000 Ð5,000 bees), if sufÞciently provoked, is able to deliver a lethal amount of venom to an average person (Winston 1993) . Complete avoidance of stings may be nearly impossible when a highly defensive colony is disturbed; however, reducing stings to a sublethal number for most people is possible. A principal objective of this study addressed signiÞcantly reducing the number of stings received by victims of a massive honey bee defensive response using a nontoxic insect repellent methyl anthranilate (MeA).
Honey bee colony defense, like many other complex behaviors of the honey bee, has a division of labor, meaning that different individuals engage in different behaviors involved in colony defense (Breed et al. 1990 (Breed et al. , 2004 . Breed et al. (1990) characterized two behaviorally and genetically distinct groups involved in colony defense division of labor: guards and soldiers. Soldiers are characterized as colony defenders that ßy around and chase assailants (Breed et al. 1990 ). In contrast to European honey bees, which may not chase at all, Africanized honey bees may chase intruders for hundreds to thousands of meters (Breed 1991) . Soldiers engage in "intimidatory" behavior in which bees chase the intruder but do not necessarily land and sting (Breed et al. 1990 ). This "intimidatory" behavior is more commonly known as defensive "hits" (Marron 2006) . In contrast to the honey bee, increased stinging incidents caused by social wasps are not evident in the news or scientiÞc literature. Polistes paper wasps tend to select nesting sites on or near built structures such as homes (Reed and Vinson 1979) . As a consequence, people are more likely to come into contact with wasps than honey bee colonies. Although the venoms of social insect species are different (King and Guralnick 2008) , the range of reactions are similar to those for honey bee venom described above (Stone and Humphries 2006) . Polistes colonies are relatively small, having 20 Ð150 adults compared with the thousands of individuals comprising honey bee colonies (Ross and Matthews 1991) . Anaphylaxis and local reactions are usually more common from wasps than venom toxicity even though an individual wasp is able to sting repeatedly, whereas stinging is lethal to a honey bee (Stone and Humphries 2006) . In an additional set of experiments, we tested the efÞcacy of MeA in preventing wasp colonization in open and enclosed structures.
MeA is a well-established repellent of insects and some vertebrates (http://pheromonebase). It is a naturally occurring substance of grapes found in wine and other grape-based consumables (Belitz et al. 2004) . MeA has been a food additive since at least 1922 (Scott 1922) . The EPA classiÞes MeA as GRAS (generally recognized as safe; http://www.epa.gov/). Although MeA is a well-known repellent of insects and some vertebrates, especially birds (Debboun et al. 2005) , it has not been tested as a repellent of the honey bee or for deterring wasp colonization to protect people. The efÞcacy of MeA was tested for (1) reducing the number of defensive honey bee hits and (2) stings, as well as an anti-colonization chemical of wasps (3) inside an enclosure and (4) in an open space.
Materials and Methods
Experiment 1: Reducing the Number of Defensive Bee Hits to the Head of a Retreating Victim. Here we estimated the number of defensive hits by honey bee soldiers to a retreating potential victim. The following experiment was replicated three times using a single Africanized honey bee apiary comprised of six colonies. Brießy, this experiment measured the number of defensive bee hits to the head of a target victim retreating at Ϸ75 m per 30 s after applying an aerosol solution of MeA versus a control. Target victims were outÞtted in a Brazilian bee suit, gloves, and high-top leather boots such that they were completely protected from stings. The Brazilian bee suit included a veiled head piece that was Þxed to the body of the suit with a zipper. The helmet was worn inside the bee suit such that the brim kept the soft parts of the veil from making contact with any part of the head. White duct tape was wrapped around the ankles and arms to secure the suit to the boots and gloves, respectively. Experienced and fully suited individuals served as targets. People having experience in handling Africanized bees were most reliable to accurately and calmly conduct defensive bee hit counts in a measured retreat.
The MeA spray solution consisted of 2 ml of MeA [2-(H 2 N)C 6 H 4 CO 2 CH 3 ; CAS 3 134-20-3], 20 ml of 95% ethanol, 20 ml of the wetting agent Denko Drench (Long Island, NY), and 110 ml of distilled water. The control spray consisted of the same total volume of solution, minus MeA, and 112 ml of distilled water. MeA and control solutions were poured into their respective aluminum 90-psi rechargeable/reÞllable aerosol spray cans (Eastwood Billet Rechargeable Aerosol Spray Can, Pottstown, PA). Target victims were randomly selected by coin toss to repel defending bees with the control or MeA spray.
The bioassay was conducted as follows. MeA and control solutions were tested randomly on different days, separated by at least 3 d. The suited target stood Ϸ1 m from a hive entrance. One hive in an apiary of six Africanized colonies was disturbed by striking it with a rock. The target remained in place for 30 s after the disturbance and then sprayed one half the contents of the test solution above the head in the airborne mass of attacking bees. The amount of time to dispense one half of the solution was Ϸ15 s as premeasured in the laboratory. The target ran at a pace of 75 m per 30 s along a premarked route with a stake placed every 75 m along a 4-km straight-away from the apiary. Although many people would likely run faster than 75 m/30 s while being pursued by bees (Ϸ5.6 mph is a slow to moderate jog), a bee suit restricts mobility, and we found this was a pace we easily learned and could maintain while also counting. Bee hits to the head were counted using a handheld counter. At each marker, the number of cumulative hits was recorded using an Olympus WS-100 27-h Digital Voice Recorder with an external microphone that was located inside the protective veil. Bee hits here represent an estimate of actual hits such that only those hits that could be heard or felt were counted.
Experiment 2: Reducing the Number of Bee Stings to Black Leather-Covered Foam Balls. This experiment tested the effect of MeA on the number of honey bee stings to stationary foam balls meant to simulate a human head, referred to from now on as targets. The experiment was replicated four times. Black suede leather (1 mm thick) covered 20-cm-diameter foam balls. The targets were Þxed to the top of 1-m wooden stakes. Two stakes separated by 6 m were placed 2, 3, and 6 m perpendicular to a row of Þve Africanized colonies, each comprised of 5,000 Ð 8,000 bees. At each distance from the apiary, one target was spray soaked with 150 ml of the MeA solution and one with the control solution (as above). Solutions were sprayed over the entire surface of a sphere using a hand-pump sprayer. After the targets were treated with the solutions, one colony in the apiary was disturbed by striking it with a rock. One minute after the Þrst sting to the nearest target was observed, all targets were wrapped with a clean plastic grocery bag. The bags were tightly tied and placed in a Ϫ20ЊC freezer overnight to kill any bees attached to the targets by their stingers. The next day, the number of stings imbedded in the leather of each target was counted.
Experiment 3: Reducing the Number of Venomous Social Hymenoptera Nests. Two experiments to test the efÞcacy of MeA for the prevention of nest founding by social Hymenoptera were conducted. Experiment 3a tested MeA versus a blank control in deer stands because infrequently used enclosed out-buildings are often selected by honey bees, wasps, and hornets as nesting sites. Experiment 3b tested the efÞcacy of MeA for preventing colony founding on sofÞts above home patios, which is an open space.
Experiment 3a was conducted at Moody Ranch near Anderson, TX. A total of 10 wooden huts measuring 4 by 4 m were selected. These huts are also called "deer stands" from which people may observe wildlife. Five huts were randomly selected as controls and Þve to receive MeA treatment. MeA is subject to UV degradation (Aronov and Clark 1996, Ride 2006) ; therefore, treatments were delivered from recloseable, UVblocking pharmaceutical grade 3 mil polyethylene pouches (Mini-Grip, Seguin, TX). After dispensing 3 ml of 100% MeA in a pouch, it was permanently sealed with a heat sealer (8" Impulse Sealer; Cleaveland Equipment, Memphis, TN) to prevent air and water from entering the pouch. Control solution consisted of 3 ml water. A total of four pouches were suspended in a hut, one from each corner delivering a total of 12 ml of MeA or 12 ml of water per hut. The experiment was initiated 21 March 2007 before any observable nesting activity. Weekly counts of number of nests founded by species per stand were conducted for 8 wk followed by bi-weekly counts to the end of July.
Experiment 3b was conducted in a housing development in southern College Station, TX. Twelve houses of the same design were selected that were constructed by the same builder, having a brick exterior and all constructed within a 4-yr period. Six houses were randomly selected to receive control pouches and six to receive MeA-loaded pouches described in experiment 3a above. The back patio roof extension of this house measured 2.5 m deep by 3.6 m wide by 4.3 m at the highest point stepping down to 2.4 m. At opposite ends along the width of the roof extension, one pouch was tacked to the sofÞt, 1 m on center from the outer walls for a total of two pouches per patio. The experiment began before nest founding on 15 March 2007. Nest counts were conducted monthly on meter reading days as communicated by owners when daytime access to backyards was routinely permitted. All nests of Hymenoptera were founded by Polistes wasps. Observations continued for 4 mo. Zero observations were treated as "rounded zeros" as opposed to "essential zeros" (Martṍn-Fernández et al. 2003) . That is, a rounded zero designates an observation that was below the detectable limit, whereas an essential zero designates absolute absence. Because Polistes nests were observed in control treatments, a small value was substituted for rounded zeros to allow for contingency table analysis, which does not accept 0 values (Sokal and Rohlf 1995, Martṍn-Fernández et al. 2003) .
Results

Experiment 1: Reducing the Number of Defensive
Bee Hits to the Head of a Retreating Victim. MeA reduced the average number of bee hits by 94.5% compared with the control solution. The solution containing MeA reduced defensive bee hits to Յ5 hits/30 s to within 1.5 min of retreat, a distance of Ϸ225 m from the apiary (Fig. 3) . Results of 2 analysis indicated that overall frequency of hits was signiÞcantly lower with the MeA versus the control spray solution ( 2 ϭ 14,000, 2 df, P Ͻ 0.0001).
Experiment 2: Reducing the Number of Bee Stings to Black Leather-Covered Foam Balls. MeA was not able to completely deter stinging; however, overall it reduced number of stings by nearly 80% at the most vulnerable 2-m position from colonies. There was no signiÞcant effect of replicate on number of stings counted ( 2 ϭ 1.0, df ϭ 2, P ϭ 0.6); therefore, data were pooled for further analysis (Sokal and Rohlf 1995) . Targets treated with the MeA solution had signiÞcantly fewer stings than those treated with the control solution ( 2 ϭ 589.5, df ϭ 1, P Ͻ 0.0001; Fig.  4 ). The number of stings was signiÞcantly dependent on location ( 2 ϭ 464.7, df ϭ 2, P Ͻ 0.0001), where targets closest to the colonies received the greatest number of stings. Treatment with MeA had a signiÞ-cantly greater effect on number of stings than target location (analysis of variance [ANOVA] treatment ϫ distance interaction: F 5,12 ϭ 1,124.3, P Ͻ 0.0001).
Experiment 3a: Reducing the Number of Nests in an Enclosed Space (Hunting Huts). A strong odor of MeA was detectable in huts treated with MeA-loaded pouches. Because there was no other source of MeA, it was concluded that MeA was permeating through the polyethylene membrane of the pouches. MeA was 100% effective in deterring wasp nest founding inside wildlife observation huts. No wasp nests were observed in the Þrst 2 mo; therefore, only data recorded in the last 2 mo were used in the analysis. Mean number of nests per control hut was 3.0 Ϯ 0.24 (SE), and 0 nests were observed in MeA-treated huts (2 ϫ 2 contingency table, 2 ϭ 20.0, df ϭ 1, P Ͻ 0.0001). No honey bees were observed attempting to colonize MeA and control-treated huts.
Experiment 3b: Reducing the Number of Nests in an Open Space. MeA was 100% effective in preventing wasp colony founding in the open under the roofs of houses. The number of wasp nests founded at control houses was 4.25 Ϯ 0.3 and at MeA-treated homes, 0.0 Ϯ 0.0 (2 ϫ 2 contingency table 2 ϭ 9.3, df ϭ 1, P Ͻ 0.01; Sokal and Rohlf 1995) . It was assumed that MeA was released through the polyethylene membrane because the odor of MeA was easily detectable by researchers and owners of home patios treated with MeA-loaded pouches. No honey bees were observed attempting to build nests in this residential area.
Discussion
MeA seemed to signiÞcantly decrease defensive behaviors of Africanized honey bees, suggesting that it disrupted stinging and chasing defensive behaviors. It is also possible that aerosolized MeA simply served to mask alarm and defensive pheromones; however, this is not likely given the responses of Africanized bees to other insect repellents that also could have simply masked alarm/defense pheromones. For example, DEET and Pyrantha did not change Africanized honey bee attack responses compared with a blank control (Schmidt et al. 2003) . The repellent, Repel X, was shown to signiÞcantly increase the number of attack responses (Schmidt et al. 2003) . MeA most likely acted to disrupt defensive behaviors rather than simply act as an olfactory mask. MeA is structurally similar to a pheromone of honey bee queens, o-aminoacetophenone (CAS 551-93-9; Fig. 5 ) that disrupts queen Þghting.
Young, unmated honey bee queens will Þght to death, where the winner generally inherits the nest from her mother and becomes the reining reproductive female. During Þghts, queens often "spray" 10 Ð30 l of an anal secretion having a highly concentrated smell of grapes, which temporarily stops Þghting and repels workers (Page et al. 1988 , Breed et al. 1992 , Tarpy and Fletcher 1998 . o-Aminoacetophenone is the substance producing the grape odor isolated from the queen secretion (Page et al. 1988) . Importantly, o-aminoacetophenone is repellant to worker bees in the nest (Page et al. 1988 , Breed et al. 1992 , Tarpy and Fletcher 1998 , Bernasconi et al. 2000 , as well as outside the nest (unpublished data). Fighting may be viewed as either an aggressive or a defensive behavior (Krebs and Davies 1993) . In 81% of queen Þghts where spraying occurs, Þghting immediately ceases (Bernasconi et al. 2000) . This suggested that anal secretion substances of young queens may arrest aggressive and/or defensive behaviors of honey bees in other behavioral contexts such as nest defense. Given the structural similarilty of MeA to o-aminoacetophenone (Fig. 5) , it is possible that MeA is acting as a pheromone mimic among defensive bees in an aggressive/ defensive context outside the colony. Comparative behavioral responses to both MeA and o-aminoacetophenone would be necessary to conÞrm the pheromone mimic status of MeA in the honey bee.
The MeA solution did not completely prevent stinging; however, it showed repellent activity that significantly reduced the number of stings to targets by 80% within 2 m of highly defensive bees stimulated to defend the colony. Additionally, the MeA solution reduced the number of defensive hits by 94.5%. Within the Þrst 2 min of retreat, MeA reduced defensive hits to the head to Ͻ5 per 30 s. It is important to distinguish hypersensitive people (Ͻ1% of any human population) from those with average sensitivity when assessing the efÞcacy of MeA for protecting people from honey bee stings. MeA would not protect people that are hypersensitive to honey bee venom. However, the use of MeA may allow victims with average immune responses sufÞcient time to run and Þnd shelter from a massive defensive response and suppress the number of stings below the LD 50 threshold for most people.
MeA also showed excellent efÞcacy for preventing Polistes nest founding in closed and open spaces. This result was very interesting and calls to question why nest-founding carnivorous social hymenoptera species were repelled by MeA. The chemical ecology of social insects is poorly understood; however, this result suggests that o-aminoacetophenone and possibly its mimic is not a highly derived semiochemical among the social Hymenoptera. As such, MeA may prove to act as a repellent among many social Hymenoptera to protect people from stings and colonization. Typically, extermination with pesticides rather than prevention is the choice for controlling Polistes. Repelling pests reduces the use of toxic pesticides. It was not predictable that the use of a UV blocking polyethylene pouch would allow an efÞcacious 4-mo release of MeA until it was actually tested. The susceptibility of MeA to photodegradation and aerobic microbial degradation is also promising for the development of a nontoxic repellent (Martṍn-Fernández et al. 2003) .
Where the Africanized bee and Polistes are prevalent, the use of MeA could contribute to preventive management of stinging and colonization. As shown in this study, MeA was easily and economically prepared as a spray that individuals may carry to use especially if working or hiking in areas where honey bees are likely nesting. A spray product label could also serve to convey important information not only about product use but also concerning prevention of honey bee stinging and actions to take during and after a massive defensive response. The delivery of MeA in polyethylene pouches showed efÞcacy for deterring Polistes nesting, which suggests the same or a similar method could be applied to prevent nest site selection by other venomous Hymenoptera such as the honey bee and Þre ant (Solenopsis invicta).
Barriers to the development of MeA as a repellent of venomous Hymenoptera rests in difÞculties associated with securing a patent for this use. Without a legal mechanism to protect a technology, few entrepreneurs are willing to invest in development. Patent examiner arguments against issuing a patent can be anticipated. For example, it is obvious that a known repellent of birds and many invertebrates could be broadened to include two examples of venomous Hymenoptera. Second, the use of a UV barrier to prevent photodegradation of MeA may not be considered inventive because MeA has previously been shown to be UV susceptible. However, patent examiner opinions may be successfully defended. That is, although in hindsight, it may be obvious that insects like the honey bee and wasps may be repelled by MeA, it was not obvious that honey bee defensive behaviors would be signiÞcantly reduced or that wasp nest founding would be deterred before an actual demonstration. Simply repelling birds and herbivorous insect pests should not be likened to deterring a lethal number of honey bee stings. It is like suggesting that the material used to construct an umbrella informs the construction of a lifejacket where the protection from the undesirable effects of water are concerned. Second, although it was logical that a polyethylene UV blocking pouch would prevent photo degradation, it was equally logical that such a pouch would also prevent the release of MeA. Therefore, before the polyethylene pouch was actually tested for its efÞ-cacy as releaser device, other delivery methods could not predict the results of this study. In conclusion, MeA seemed very promising for managing a massive defensive response typical of Africanzied honey bees and preventing the colonization of Polistes.
